The irradiation of scintillator-fiber optic dosimeters by clinical LINACs results in the measurement of scintillation and Cerenkov radiation. In scintillator-fiber optic dosimetry, the scintillation and Cerenkov radiation responses are separated to determine the dose deposited in the scintillator volume. Artificial neural networks (ANNs) were trained and applied in a novel single probe method for the temporal separation of scintillation and Cerenkov radiation. Six dose profiles were measured using the ANN, with the dose profiles compared to those measured using background subtraction and an ionisation chamber. The average dose discrepancy of the ANN measured dose was 2.2% with respect to the ionisation chamber dose and 1.2% with respect to the background subtraction measured dose, while the average dose discrepancy of the background subtraction dose was 1.6% with respect to the ionisation chamber dose. The ANNs performance was degraded when compared with background subtraction, arising from an inaccurate model used to synthesise ANN training data. . (2018). Temporal separation of Cerenkov radiation and scintillation using artificial neural networks in Clinical LINACs. Physica Medica: an international journal devoted to the applications of physics to medicine and biology, 54 131-136. Abstract Convolutional neural network (CNN) type artificial intelligences were trained to estimate the Cerenkov radiation present in the temporal response of a LINAC irradiated scintillator-fiber optic dosimeter. The CNN estimate of Cerenkov radiation is subtracted from the combined scintillation and Cerenkov radiation temporal response of the irradiated scintillator-fiber optic dosimeter, giving the sole scintillation signal, which is proportional to the scintillator dose. The CNN measured scintillator dose was compared to the background subtraction measured scintillator dose and ionisation chamber measured dose. The dose discrepancy of the CNN measured dose was on average 1.4% with respect to the ionisation chamber measured dose, matching the 1.4% average dose discrepancy of the background subtraction measured dose with respect to the ionisation chamber measured dose. The developed CNNs had an average time of 3 ms to calculate scintillator dose, permitting the CNNs presented to be applicable for dosimetry in real time.
Introduction
Plastic scintillator-fiber optic dosimeters possess a unique set of qualities that make them promising in megavoltage photon beam dosimetry [1, 2] . Their desirable qualities include water equivalence across the megavoltage photon therapy energy range, dose rate independence and linear response with dose [1, 2] . A typical scintillator-fiber optic dosimeter consists of a scintillator volume optically coupled to an optical fiber, where the irradiation of an optical fiber at megavoltage photon energies results in the generation of Cerenkov radiation. Cerenkov radiation is produced by an electron travelling faster than the local speed of light in an optical medium [3] ; for polymethyl methacrylate (a typical optical fiber core material) the minimum photon energy that allows for Cerenkov radiation production is 320 keV [4] . In the case that a scintillator volume is not coupled to the optical fiber, only Cerenkov radiation is produced by the fiber optic dosimeter; these dosimeters are referred to as Cerenkov fiberoptic dosimeters. The application of Cerenkov fiber-optic dosimeters provides a viable alternative to scintillation dosimeters. A drawback in the application of Cerenkov fiber-optic dosimeters is a directionally dependent response with respect to irradiation angle.
The optical signal produced by a megavoltage beam irradiated scintillatorfiber optic dosimeter consists of both scintillation and Cerenkov radiation, with the two responses being independent of one another. A method that estimates or measures the Cerenkov radiation response and allows for the separation of scintillation and Cerenkov radiation is necessary for scintillation dosimetry. The scintillation response is determined by subtracting the measured Cerenkov radiation response from the measured combined scintillation and Cerenkov radiation response of the scintillator probe. The combined scintillation and Cerenkov radiation response of the scintillator probe will be referred to as the total response for simplicity.
The gold standard of Cerenkov radiation estimation methods, background subtraction, employs two fiber optic probes to measure the separated scintil- 2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lation and Cerenkov radiation responses [1, 2] . The first probe, referred to as the scintillator probe, consists of a scintillator volume optically coupled to an optical fiber. The second probe, referred to as the reference probe, consists of an identical optical fiber with no scintillator volume coupled. Two identical photodetectors are used in background subtraction: one photodetector to measure the total response of the scintillator probe and the other to measure the Cerenkov radiation response of the reference probe. The reference probe is aligned with and placed beneath the scintillator probe with the aim of having equal lengths of each optical fiber irradiated. With equal lengths of fiber irradiated, the Cerenkov radiation response of the reference probe is approximately equal to the Cerenkov radiation response produced in the scintillator probe.
This assumption holds true in fields with low spatial dose gradients, resulting in the background subtraction method having an average relative dose discrepancy of 0.52% [5] . Background subtraction is most commonly employed in the measurement of depth dose profiles and beam profiles [6] . For steep spatial dose gradient fields, the assumption is not valid due to the potential for significantly varying doses being delivered between the two probes. Other Cerenkov radiation measurement techniques are required for dosimetry in non reference conditions [5] ; background subtraction is seldom employed in these conditions as the uncertainties in the background subtraction become unacceptable.
Single probe methods that employ other Cerenkov estimation techniques overcome the steep dose gradient field constraint inherent to background subtraction. For pulsed radiation sources such as clinical linear accelerators (LINACs), scintillation and Cerenkov radiation responses can be temporally separated. In these temporal methods, scintillators with decay constants in the order of hundreds of nanoseconds are chosen for separation from Cerenkov radiation, whose decay constant is in the order of nanoseconds [4] . Pulse gating methods such as temporal filtration remove 99% of the Cerenkov radiation response at the expense of a 44% loss in scintillation response. Temporal analytic methods do not experience the loss in scintillation siganl inherent to temporal filtration, however accuracy in Cerenkov radiation estimation has not yet been sufficient   3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to result in clinically acceptable dose discrepancies in scintillator dose measurement [7, 8, 9, 10] .
In previous work [11] , shallow artificial neural networks (ANNs) were trained to estimate the Cerenkov radiation response present in measured total response waveforms. The ANN Cerenkov estimation method is a single probe method, where the ANN measured scintillator dose is calculated by subtracting Cerenkov radiation estimated by the ANN from the measured total response generated by the scintillator probe. The trained ANNs achieved an average relative dose discrepancy of 2.2% in measured scintillator dose. It was concluded that the average dose discrepancy of the ANN measured dose would be improved to levels approaching the benchmark of background subtraction by applying a deeper, more suitable neural network. In recent years, convolutional neural networks (CNNs) such as AlexNet [12] , ZFnet [13] , VGGnet [14] , GoogleNet [15] and ResNet [16] have achieved state of the art levels of performance in image classification, with shallow ANNs unable to match this level of performance.
Convolutional neural networks were developed for the estimation of Cerenkov radiation in measured scintillator probe waveforms. The trained CNNs predict the Cerenkov radiation response in an input total response waveform that would be measured using a corresponding reference probe. Single probe scintillatorfiber optic dosimeters have been demonstrated to be clinically viable small field dosimeters [17] . The CNN dose measurement method developed utilises a single probe geometry, making the presented method viable in small fields where background subtraction is unviable. The goal of this study was to improve upon the 2.2% dose discrepancy of previous work through the development of a deep CNN.
Materials and Methods
The scintillator probe consists of a cylindrical plastic scintillator (BC444 by Saint Gobain) volume with a diameter of 2 mm and a length of 0.5 mm, coupled to an optical fiber (Eska CK40) with an inner core diameter of 1 mm. Solid water (Gammex RMI 457) was used as the phantom material for dose profile measurements at photon beam energies of 6 MV and 10 MV. A 1 cm thick sheet of perpsex with a machined groove was used to house the scintillator and reference probe. 10 cm of solid water was placed underneath the perspex housing 5   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to simulate the scattering that occurs in patients as treatment is delivered. The setup is shown in Figures 1 (a) and (b). For the 6 MV energy, dose profiles were measured at the depth of maximum dose (1.5 cm) for field sizes of 3 cm × 3 cm, 5 cm × 5 cm and 10 cm × 10 cm. For the 10 MV energy, dose profiles were measured at the corresponding depth of maximum dose (2.1 cm) for a field size of 5 cm × 5 cm. All measurements were taken at a dose rate of 600 MU/min, with a source to surface distance of 100 cm. A Scanditronix CC13 ionisation chamber was used to measure the beam profiles for comparison with the CNN measured and background subtraction measured dose profiles. 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 convolutional neural networks were developed to estimate the Cerenkov radiation response present in an input measured total response produced in the scintillator probe. To train the CNNs to correctly estimate the Cerenkov radiation response, training data must consist of the known Cerenkov radiation responses for a given corresponding total response waveform. After CNN training has been completed, the trained CNNs have learned to predict the Cerenkov radiation response that would be measured by a corresponding reference probe as in background subtraction.
The CNN architecture is modelled around the architecture of AlexNet and VGGNet [12, 14] , where their then state of the art performance was achieved with a simple, deep structure. The CNNs were constructed in MATLAB (2018 a) using the Neural Network Toolbox. The CNNs structures were optimised for its performance by varying the types of layers used, order of these layers, layer size and network depth. As the CNNs structure was optimised, the dropout parameter and convolutional layers filter size was varied for further optimisation of the CNNs. The optimal structure was found to be as presented in Figure 3 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the known penumbra width for this LINAC configuration [11] . The modelled dose profiles for the 6 MV, 5 cm × 5 cm and 10 cm × 10 cm field sizes are plotted against the measured 6 MV, 5 cm × 5 cm and 10 cm × CNNs were also developed to measure the scintillation response present in input waveform, however, the optimally performing CNNs were trained to measure Cerenkov radiation instead of scintillation. The presented method for data synthesis can be applied with the final step modified to produce target waveforms comprised solely of scintillation.
Results
For the 6 MV, 5 cm × 5 cm dose profile presented in Figure 6 , the CNN measured scintillator dose was underestimated with respect to the background 12   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 scintillator dose, as presented in Table 1 . For the 10 cm × 10 cm field size, the scintillator measured dose profile penumbras are narrower and steeper than the ionisation chamber measured dose profile penumbras, arising from the smaller sensitive volume and improved resolution of the scintillator probe compared to the ionisation chamber. The 6 MV CNN was applied for dose measurements on testing data that was not used to generate the synthetic training data. A 6 MV, 3 cm × 3 cm dose profile was measured at a depth of 1.5 cm and a SSD of 100 cm. The 3 cm × 3 cm dose profile was also measured using background subtraction and an ionisation chamber. The 3 cm × 3 cm dose profile is plotted in Figure 9 .
The dose discrepancies were 3.4% and 4.0% for background subtraction and the CNN with respect to the ionisation chamber. The increased dose discrepancies of the 3 cm × 3 cm dose profiles arise due to the mismatch in penumbra widths when comparing the scintillator measured and ionisation chamber measured dose profiles.
The 10 MV CNN was applied for dose measurements on the 10 MV, 5 cm ×   15   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 5 cm dose profile. The 10 MV, 5 cm × 5 cm dose profile was also measured using background subtraction and an ionisation chamber, shown plotted in Figure 10 .
The CNN measured dose is overestimated at the positions between 12 mm and 21 mm attributed to incorrect estimation of the measured dose.
The average dose discrepancies in Table 1 were calculated with respect to the ionisation chamber measured dose. For the dose discrepancies presented in Table 1 , the average dose discrepancy of the CNN measured dose was 1.4%, matching the average dose discrepancy of the background subtraction measured scintillator dose of 1.4%. The mismatch in penumbra widths between the ionisation chamber and scintillator profiles (Figure 9 ) inflated the dose discrepancies for the 6 MV, 3 cm × 3 cm field, and so the 6 MV, 3 cm × 3 cm dose discrepancies were excluded when calculating the mean dose discrepancies in Table   1.   16   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Table 1 : Field sizes: 5 x 5 is the 5 cm × 5 cm field for the changing fiber length orientation, 10 x 10 is the 10 cm × 10 cm field for the changing fiber length orientation and 10 x 10* is the 10 cm × 10 cm field for the constant fiber length orientation. Mean is the mean value of the dose discrepancies listed for the 6 MV and 10 MV beam energies, excluding the 6 MV, 3 cm × 3 cm discrepancies. CNN dose discrepancy is the average dose discrepancy between the CNN measured scintillator dose and ionisation chamber dose at corresponding positions. BS dose discrepancy is the average dose discrepancy between the background subtraction measured scintillator dose and ionisation chamber dose at corresponding positions.
Discussion
The resolution of the scintillator probe was 2 mm for the changing fiber length orientation (arising from the scintillator diameter) and 0.5 mm for the 17   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 constant fiber length dose profile (arising from the scintillator length), while the resolution of the ionisation chamber was 6 mm. The resultant dose profiles measured by the scintillator probe have penumbras that are narrower and steeper than the penumbras measured with the ionisation chamber, as in Figures 6-10 .
The improvement in resolution with the scintillator probe leads to an increase in the scintillator measured dose discrepancies calculated with respect to the ionisation chamber.
The Cerenkov radiation generated in our system reaches a maximum response of approximately 54% for the 10 cm × 10 cm field relative to the centre of field scintillator response, as shown in Figure 2 A CNN trained on synthetic data achieves its optimal performance when the synthetic training data is generated from a model capable of exactly reproducing measured data [21] . The dose profile models (Equations 1 and 2) are empirical models rather than theoretically derived models. For the 10 cm × 10 cm field, the modelled scintillation beam profiles were on average within 2.2% of the measured relative dose, with a maximum deviation of 29% as in Figures 5 (a) .
For the same 10 cm × 10 cm field, the modelled Cerenkov radiation beam profiles were on average within 2.0% of the measured Cerenkov radiation response, with 18   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a maximum deviation of 4.1% as in Figure 5 (b A trained CNNs performance is anticipated to degrade as magnitudes of scintillation and Cerenkov radiation exceed their maximum magnitudes in the training set [23] . Similar performance degradation is expected as measured magnitudes fall below their minimum magnitudes in the training set [23] . The 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 performance remains undegraded for variations of these factors, provided that measured magnitudes of scintillation and Cerenkov radiation remain between the minimum and maximum amplitudes of each response in the training set.
Once a CNN has been trained, the CNN can be applied for dose measurement with no calibration measurements required. The CNN developed had an average dose discrepancy in its scintillator dose matching the background subtraction measured scintillator dose. The CNN Cerenkov radiation estimation methods ability to perform single probe scintillator dose measurements with no calibration measurements and average dose discrepancy of background subtraction highlights the promise of the presented method. Future work will aim at applying the CNN method for small field dosimetry with clinical accuracy.
The time required to train a CNN was on average 4 minutes using a medium range laptop. The LINAC applied delivered pulses at a frequency of 360 Hz;
with 100 pulses averaged per recorded waveform, the minimum time required to record a single waveform is 28 ms. The time taken for a network to predict the expected Cerenkov radiation from an input total response waveform was 3 ms, rendering the CNNs trained capable of real time dosimetry.
Conclusion
The CNN measured scintillator dose had an average dose discrepancy matching the average dose discrepancy of the background subtraction dose; dose discrepancies were calculated with respect to the relative dose measured by an ionisation chamber. These dose discrepancies (background subtraction and CNN Cerenkov estimation) were on average 1.4%. Once CNNs have been trained, the CNN method of Cerenkov radiation estimation achieved a level of performance matching background subtraction. A reference probe is required for the measurement of known Cerenkov radiation response waveforms to train the CNNs.
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